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Available online 17 December 2015Spinal cord injury (SCI) involves large-scale deafferentation of supraspinal structures in the somatosensory sys-
tem, producing well-known long-term effects at the thalamo-cortical level. We recently showed that SCI pro-
vokes immediate changes in cortical spontaneous and evoked responses and here, we have performed a
similar study to deﬁne the immediate changes produced in the thalamic ventro-postero-lateral nucleus (VPL)
that are associated with the forepaw and hindpaw circuits. Extracellular electrophysiological recordings from
the VPL reﬂected the spontaneous activity and the responses to peripheral electrical stimulation applied to the
paws. Accordingly, the activity of the neuronal populations recorded at speciﬁc thalamic locations that corre-
spond to the forepaw and hindpaw circuitswas recorded under control conditions and immediately after thorac-
ic SCI. The results demonstrate that peripheral inputs from both extremities overlap on neuronal populations in
the somatosensory thalamus. In addition, they show that the responses of thalamic neurons to forepaw and
hindpaw stimuli are increased immediately after SCI, in associationwith a speciﬁc decrease in spontaneous activ-
ity in the hindpaw locations. Finally, the increased thalamic responses after SCI have a state-dependent compo-
nent in relation with cortical activity. Together, our results indicate that the thalamic changes occurring
immediately after SCI could contribute to the cortical changes also detected immediately after such spinal lesions.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Spinal cord injury (SCI) produces large-scale deafferentation at the
supraspinal level that induces physiological changes in different brain
structures. The main changes after SCI have been described at the corti-
cal and thalamic levels (Endo et al., 2007; Gustin et al., 2009; Wrigley
et al., 2009; Aguilar et al., 2010; Qi et al., 2011; Ghosh et al., 2010,
2012; Liang and Mendell, 2013) although other studies have shown
changes at the brainstem level (Jain et al., 2000; Onifer et al., 2007;
Liao et al., 2015). All these changes are related to the anatomical and
physiological reorganization that occurs, through which the
deafferented region enhances its responses to stimulation of body re-
gions above the level of the lesion, referred to as the intact area.Avda. Manuel Siurot, s/n 41013
, Institute of Physiology, Faculty
Germany.
ect.com).
. This is an open access article underChanges at the cortical level in response to SCI have been studied in
detail using different experimental approaches and over awide range of
time windows, from immediately after the lesion (hours and days) to
weeks and months (Endo et al., 2007; Wrigley et al., 2009; Aguilar
et al., 2010; Ghosh et al., 2010, 2012; Moxon et al., 2014). We recently
described the cortical changes that occur immediately after SCI using si-
multaneous electrophysiological recordings from cortical forepaw and
hindpaw locations (Aguilar et al., 2010; Humanes-Valera et al., 2013;
Yague et al., 2014). In these studies we showed that two main physio-
logical phenomena occur in the somatosensory cortex:ﬁrst, an immedi-
ate change occurs in the brain that involves a switch from spontaneous
delta activity (1–4 Hz) to slow-wave activity (b1 Hz: Aguilar et al.,
2010); second, an increased evoked response appears in the intact cor-
tical FP representation in response to peripheral FP stimulation that has
two different components: a state-dependent component (related to
the change in spontaneous activity) and a state-independent one
(Humanes-Valera et al., 2013; Yague et al., 2014).
At the thalamic level, the long-term changes in neuronal activity
after SCI have been described in terms of channelopathies that mainly
affect the spontaneous activity, related with pain or phantom limb sen-
sations (Hains et al., 2005; Waxman and Hains, 2006; Hains andthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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activity as well as the evoked responses that are expanded into the tha-
lamic deafferented region (Gerke et al., 2003; Jain et al., 2008; Liang and
Mendell, 2013). Moreover in these studies there is no clear relationship
between the spontaneous activity and the evoked responses after SCI,
and there is little information about the immediate effects of SCI at the
thalamic level (Liang and Mendell, 2013).
The increased evoked responses recorded immediately after SCI in
the somatosensory cortex could, at least in part, have a subcortical ori-
gin, for example at the thalamic level (Humanes-Valera et al., 2013).
Moreover, the strong thalamo-cortico-thalamic loop could be involved
in the change of spontaneous activity described at the cortical level
after SCI, which could inﬂuence thalamic spontaneous activity after a le-
sion (Crunelli and Hughes, 2010).
In order to establish the thalamic participation in the immediate
changes that SCI produces at the supraspinal level, we studied the re-
sponses recorded in the ventro-postero-lateral (VPL) nucleus of the
thalamus to peripheral forepaw and hindpaw stimulation in under con-
trol conditions and immediately after thoracic SCI.
2. Materials and methods
Experiments were performed in accordance with the European
Union guidelines (Directive 2010/63/EU) and they were approved by
the Ethical Committee for Animal Research at the “Hospital Nacional
de Parapléjicos” (Toledo, Spain). A total of 50 male Wistar rats (300–
400 g) were used in the experiments, which basically consisted in re-
cording the extracellular activity in the thalamic VPL. The main experi-
mental approach was similar to that used in our previous studies, in
which electrophysiological recordings from the somatosensory cortex
were collected in anesthetized rats during control conditions and im-
mediately after SCI (Aguilar et al., 2010; Yague et al., 2011, 2014;
Humanes-Valera et al., 2013).
2.1. Experimental protocol
Animalswere anesthetizedwith urethane (1.5 g/kg i.p.) and theywere
placed in a stereotaxic frame (SR-6 Narishige Scientiﬁc Instruments,
Japan), checking their body temperature with a rectal probe and control-
ling it automatically with a heating pad (Cibertec SL, Madrid, Spain). The
surgical intervention involved a thoracic laminectomy (at T9–T10), keep-
ing the duramater intact until themoment of performing a complete tran-
section of the spinal cord. Lidocaine 2% was applied over the body surface
in contact with the stereotaxic frame and over the areas for incisions. The
skin of the headwas softly removed and the skull was exposed. A craniot-
omywas performed on the right side using the coordinates of the somato-
sensory cortex and somatosensory thalamus (AP, 1 to−4;ML, 1 to 4) andFig. 1. Schematic representation of experimental design. Cortical and thalamic extracellular rec
posterior–lateral nucleus (VPL), where electrodes were placed on the forepaw and/or hindpaw
and hindpaw was applied under control conditions and after spinal cord injury. Schematic rep
conﬁrmation by using Nissl staining is shown.the cisternamagnawas openedwith a small incision on the duramater in
order to decrease intracranial pressure and guarantee the stability of re-
cordings. The dura mater of the brain was removed after craniotomy,
and tungsten electrodes were lowered into the somatosensory cortex
and thalamus following the coordinates of Chapin and Lin (1984) and
the Paxinos andWatson (2007) atlas of the rat brain. The correct location
of the electrodes in the cortex was determined by assessing the responses
to tactile stimulation with a cotton swab stick in the rat's forepaw or
hindpaw, and by ensuring a good quality of averaged neural responses to
electrical stimulation in the forepaw or hindpaw. Cortical recordings of
the paw's representation were used to check the spontaneous activity rel-
ative to the degree of anesthesia under control conditions andmonitoring
the immediate changes previously described by our lab (Aguilar et al.,
2010; Humanes-Valera et al., 2013). Moreover, cortical recordings from
the hindpaw representation were used to ensure that the spinal cord
had been completely sectioned as a lesion at the thoracic level impedes
any evoked responses (Fig. 1). Thalamic locationswere deﬁned in a similar
manner: once the electrode had been lowered into the somatosensory
thalamus, peripheral stimulation (tactile and electrical) was applied in
order to check the response to the given extremity (forelimb or hindlimb)
in terms of magnitude and latency.
A total of 55 electrophysiological recordings in the thalamic VPL
forepaw location (FP-location; n = 35) or thalamic VPL hindpaw loca-
tion (HP-location; n = 20) were obtained from 50 experiments. It
should be noted that two electrodes for thalamic recordings were locat-
ed in the same experiments on VPL in 5 animals (FP andHP locations) in
order to record the activity in both VPL locations simultaneously. Once
the ﬁnal locations were deﬁned, the electrodes were ﬁxed in place
and were not moved throughout the entire experiment.
Once the cortical and thalamic recordings had been located, data were
collected fromeach thalamic location (FP-location andHP-location) by ap-
plying the stimulationprotocol underpre-lesion conditions (control proto-
col; Fig. 1). Using an experimental protocol (Fig. 1) similar to what we
described previously, bipolar needle electrodes were located subcutane-
ously in the wrist of each paw, one pole in each side of the paw allowing
applying peripheral stimulation to both extremities (forepaw and
hindpaw) contralateral to thehemisphere recorded. The electrical stimula-
tionparameterswere: 1mspulseduration at 0.5Hz frequencydelivered to
each extremity. Two different intensities were applied: low intensity
(0.5 mA) and high intensity (5 mA). Low-intensity stimuli were intended
to activate only a fraction of the available ﬁbers, mainly low-threshold pri-
mary ﬁbers running through the lemniscal pathway, from the dorsal col-
umn to the brainstem (Lilja et al., 2006). High-intensity stimuli were
intended to activate the maximum number of ﬁbers, including high-
thresholdprimaryﬁbers thatmakea synapse in thedorsal horns of the spi-
nal cord, in turn activating the spinothalamic tract (Lilja et al., 2006; Yague
et al., 2011).ordings were performed simultaneously. Thalamic recordings were made in the ventral–
location (FP-location andHP-location). A protocol of peripheral stimulation in the forepaw
resentation of the thalamic location of electrodes in the VPL nucleus and the histological
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animal, a complete transection of the spinal cord at the T9–T10 thoracic
level was performed with a spring scissors. Immediately after a lesion
we conﬁrmed the complete transection of the spinal cord by the lack
of responses evoked by maximal intensity (10 mA) stimulation of the
hindpaw or alterations to spontaneous activity. Electrophysiological re-
cordings were continuously acquired during the transection to conﬁrm
the stability of the recordings from control conditions to post-lesion
conditions. Between 10 and 30 min after the transection, we started
the post-lesion protocol, recording spontaneous activity and evoked re-
sponses by peripheral forepaw stimulation.
Electrophysiological recordings were obtained using tungsten elec-
trodes with a 4–5 MΩ impedance at 1 kHz (TM31C40KT and
TM31A50KT, World Precision Instruments Inc., Sarasota, FL, USA) that
were connected to a modular system of a preampliﬁer, ﬁlter and ampli-
ﬁer (Neurolog System, Digitimer Ltd., UK). Raw signals were ampliﬁed
(×500) and ﬁltered (0.5 Hz–3 kHz) online, and the signals were con-
verted into digital signals with an A/D converter (1401 CED Cambridge
Electronic Designs, UK). Spike2 software was used for acquisition and
posterior analysis, and all the data were stored on a computer for poste-
rior off-line analysis. The raw signals were treated off-line in order to
quantify the responses and the spontaneous activity.
2.2. Histology
At the end of the experiments, animals were transcardially perfused
with heparinized saline followed by 4% paraformaldehyde. Then the
brain was removed and post-ﬁxed in the same ﬁxative solution for
24 h at 4 °C. The next day the brain was washed 3 times with PBS and
sections were obtained with a vibrating blade microtome (Microm
HM 650 V (Microm International GmbH, Walldorf, Germany) at 50 μm
and Nissl stained to obtain histological conﬁrmation of the correct elec-
trode location (Fig. 1).
2.3. Data analysis
2.3.1. Thalamic responses
Somatosensory thalamic responses to peripheral stimulation were
quantiﬁed using three different methods: 1) averaged local ﬁeld poten-
tials (LFPs); 2) averaged rectiﬁed multiunit activity (rMUA); and 3)
peri-stimulus-time histograms (PSTH) of the action potentials from neu-
ronal population activity. Time-stamps of stimuli were used as the refer-
ence to average the raw recordings of ﬁeld potentials in order to obtain
the averaged LFPs. The amplitude of LFP responses was quantiﬁed as
peak-to-peak amplitude. Raw signalswereﬁltered at 300–3 kHz to isolate
the spike activity from the neuronal populations (MUA) closest to the re-
cording electrode. Once the MUA was obtained, it was rectiﬁed and
smoothed (by a median ﬁlter t = 0.5 ms) by applying a median ﬁlter
(0.5 ms) in order to obtain a rectiﬁed MUA (rMUA). The rMUA signal
was then averaged across stimuli to obtain the local thalamic responses
of the neuronal population recorded at each location. The spikeswere ex-
tracted by thresholding theMUA signal at 5 standarddeviations above the
noise in order to select the few neurons recorded closest to the electrode.
Every selected spike was considered an event in a new channel that was
used to construct the PSTH by using the time-stamps of stimuli as refer-
ence and the time-stamps of spikes as measurement to create the histo-
gram with a bin value of 1 ms. The magnitudes of rMUA and PSTH
responses were quantiﬁed as background-subtracted area within 30 ms
post-stimulus, ﬂooring negative values to zero.
2.3.2. Thalamic spontaneous activity
The spike events to quantify the ﬁring rate were obtained during
spontaneous activity, using the representative times of 100 s from
each recording in control conditions and after SCI in each animal. Spikes
were obtained by thresholding the MUA signal at 5 standard deviations
above the noise.2.3.3. Spontaneous activity in the somatosensory cortex
Cortical recordings were ﬁltered at 300 Hz–3 kHz in order to isolate
the spike activity from the neuronal population closest to the recording
electrode. The ﬁltered signal was rectiﬁed to obtain the rMUA and we
used the mean voltage value extracted from the cortical rMUA over
300 s of spontaneous activity. Slow-wave activity had a mean rMUA
lower than that under delta activity (Aguilar et al., 2010). In addition,
changes between delta activity that are predominant during normal
doses of anesthesia and slow-wave activity were controlled visually
and labeled off-line.
2.4. Statistical analysis
The data were analyzed using Statistica.Ink software (Statsoft
Ibérica, Lisboa, Portugal), which was used to perform t-tests (when
therewas one factor with two levels) and two-way analyses of variance
(ANOVA). Tukey Honest Signiﬁcant Test was used for post-hoc compar-
isons. Outliers were excluded when values exceeded 3 standard devia-
tions from the mean. All results were considered signiﬁcant at p b 0.05.
3. Results
We ﬁrst analyzed the neuronal responses to electrical stimulation
for each electrode location in control conditions (before performing
the SCI).We stimulated the forepaw and hindpaw at two different elec-
trical intensities (see Materials and methods and Fig. 2) in order to de-
termine by the neuronal responses the electrode location inside the
somatotopic arrangement of the thalamus. This analysis allowed us to
determine the overlap of peripheral inputs over the neuronal popula-
tion recorded at each electrode location.
After the control condition in intact animals, we analyzed the neuro-
nal responses for each electrode location immediately after performing
the SCI. The comparisons of neuronal responses obtained under control
conditions and after SCI in each experiment were intended to study the
immediate changes that occur at the thalamic level.
3.1. Spatial tuning of the extremities in the somatosensory thalamus
In order to ﬁrst determine the thalamic location for each electrode,
we created an index of spatial tuning (IST). We deﬁned the IST as the
ratio between the averaged responsemagnitude to forepaw stimulation
divided by the sum of the averaged response magnitudes to forepaw
and hindpaw stimulation. For this purpose we used two different sig-
nals, rMUA and PSTH, in order to determine which of these two signals
weremost informative about spatial thalamic responses to both contra-
lateral extremities Fig. 2A.
Then the IST has a range between 0 and 1, where the values between
0.5 and 1 indicate an electrode location in the forepaw thalamic region
(FP-location) and conversely, IST values between 0 and 0.5 indicate an
electrode location in the hindpaw thalamic region (HP-location)
(Fig. 2A).
The electrical stimulation protocol was applied in both extremities
(forepaw and hindpaw) at two different intensities (low intensity and
high intensity). Low intensity stimulation grouped the majority of IST
for rMUA and PSTH values in two ranges located at the extremes of
the distribution, which is between 0 and 0.1 and 0.9–1 (Figs. 3A and
B). This distribution of IST values resembles an all-or-nothing response
to only one extremity (forepawof hindpaw),which can be explained by
the classic receptive ﬁeld deﬁnition obtained using tactile stimulation.
However, when high intensity stimulation was applied the IST distribu-
tion showed an increased representation of values between 0.1 and 0.9
in both cases of rMUA and PSTHmagnitudes (Figs. 3A and B). These re-
sults demonstrated that there is a thalamic neuronal population in the
ventral–posterior–lateral nucleus (VPL) where peripheral inputs from
both extremities (forepaw and hindpaw) overlap (Fig. 3C).
Fig. 2.Examples of averaged localﬁeld potentials (LFP) and rectiﬁedmultiunit activity (rMUA) of thalamic responses recordedonVPLHP-location (A) andVPL FP-location (B) to peripheral
electrical stimulation at two different intensities (LI is low intensity and HI is high intensity) in both contralateral extremities (HP stimulation and FP stimulation). A1) LFP responses on
VPLHP-location to stimulation onhindpaw at low and high intensity stimulation (upper panels), and to forepaw at low and high intensity stimulation (lower panels). A2) rMUA responses
onVPLHP-location to stimulation onhindpawat low and high intensity stimulation (upperpanels), and to forepaw at low and high intensity stimulation (lower panels). B1) LFP responses
on VPL FP-location to stimulation on hindpaw at low and high intensity stimulation (upper panels), and to forepaw at low and high intensity stimulation (lower panels). B2) rMUA re-
sponses on VPL FP-location to stimulation on hindpaw at low and high intensity stimulation (upper panels), and to forepaw at low and high intensity stimulation (lower panels). Note
the interesting neuronal responses inHP-location by forepawhigh intensity stimulation, and in the sameway the neuronal responses in FP-location to hindpawhigh intensity stimulation.
(*) Indicates the artifact of electrical stimulation.
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which the electrodes with IST corresponding to FP-location or HP-
location in the VPL receive inputs from the other paw (which is deﬁned
as “overlap). It was observed that 61.8% of multiunit recordings showed
overlap of inputs from both extremities (30.9% corresponding to FP-
location rMUA recordings and 30.9% of recordings corresponding to
HP-location rMUA recordings) (Fig. 3D).
To quantifymore precisely the physiological overlap between the rep-
resentations of the extremities in the somatosensory thalamus, in each re-
cording we deﬁned the value 0 (i.e.: no overlap, IST b 0.1 or N0.9) when
we observed a response to only one extremity and that of 1 (i.e.: overlap,
0.1 b IST b 0.9) when a response to both extremities could be observed.
Subsequently, these data were analyzed using two-way independent
measures ANOVA: ﬁrst factor rMUA/PSTH; second factor stimulation in-
tensity low/high. The physiological overlap between the FP-locations
and HP-location in the VPL was greater for the rMUA than for the PSTH
(factor rMUA/PSTH, F(1, 216)= 5.5, p= 0.0198), and for the high inten-
sity stimuli as opposed to the low-intensity stimuli (factor stimulation in-
tensity, F(1, 216) = 22.0, p b 0.0001).To verify that the results obtained with the ANOVA did not depend
on any possible violation of the statistical assumptions, we repeated
the same analysis with a generalized linearmodel, using a binomial dis-
tribution and the logit link function. The results produced were essen-
tially the same (factor rMUA/PSTH−Wald = 5.3, p = 0.0213; factor
stimulation intensity−Wald = 19.3, p b 0.0001).
Thus, our data demonstrate that the massive recruitment of periph-
eral ﬁbers by high intensity stimulation (5 mA) unmasks the overlap of
peripheral inputs from both contralateral extremities (forepaw and
hindpaw) onto a neuronal population in the somatosensory thalamus
(as measured by the rMUA). Due to the clear results obtained with the
rMUA compared to the PSTH to study the evoked responses in the ven-
tral posterior nucleus of the thalamus (VPL) to different peripheral in-
puts, we decided to use the rMUA signal from a local neuronal
population for the following sections in relation to the effects of a SCI
in the somatosensory thalamus.
Interestingly, this arrangement could be the basis of the physiologi-
cal reorganization after complete deafferentation of a body region due
to SCI.
Fig. 3.Analysis of thalamic neuronal population of VPL in response to stimulation in different extremities (forepaw and hindpaw) in order to quantify the overlapping of peripheral inputs
onto the same neuronal population. A) Deﬁnition of Index of Spatial Tuning (IST) for theVPL: ratio between the responsemagnitude to forepaw stimulation (FP pre) divided by the sumof
the same value and the response magnitude to hindpaw stimulation (HP pre). Scatter plot shows the distribution of all IST obtained at low and high intensity stimulation using values of
PSTH and rMUA. B) Distribution of IST values for high (left histogram) and low intensities (right histogram) of all neuronal population recorded from VPL thalamic locations. It can be
observed that high intensity stimulation produces higher representation in middle values indicating “overlapping” of peripheral input onto the neuronal population. C) Normalized his-
togramof all neuronal populations recorded in thalamic VPLwith IST values related to peripheral overlapping (0.1b IST b 0.9). D) Schematic representation of the percentage of recordings
made in HP-location and FP-location showing values of IST related to overlap and non-overlap peripheral inputs.
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We previously demonstrated that SCI provokes immediate changes
in the somatosensory cortex (Aguilar et al., 2010; Humanes-ValeraFig. 4. Examples of averaged LFP (upper panels) and rMUA (lower panels) in response to forepaw
recording in VPL HP-location. B) Example of recording in VPL FP-location. Note the increased respet al., 2013). Thus, we also studied the thalamic electrophysiological re-
sponses to peripheral forepaw and hindpaw stimulation under control
conditions, and after SCI. Electrophysiological recordings were obtained
from the FP-locations (n=35) andHP-locations (n=20). In light of thestimulation at high intensity in two conditions (pre-lesion and post-lesion). A) Example of
onses in both locations after SCI (post-lesion). (*) indicates the electrical stimulation artifact.
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we only used the responses obtained following high intensity stimula-
tion in the forepaw and hindpaw in order to optimize the activation of
the neuronal populations in the VPL.
Thalamic responses were recorded from a ﬁxed electrode location
under control conditions (i.e. before of SCI) by averaging the LFP and
rMUA signals to the electrical stimulation of the forepaw. Then, a SCI
was performed at thoracic level (T9–T10) and immediately after the
SCI the same experimental protocol of stimulation was applied in
order to record the neuronal activity in the same thalamic location
(i.e. the same neuronal population) than in control conditions (Figs. 4
and 5A). This arrangement allowed us to do the comparisons between
the responses recorded at each thalamic location under control condi-
tions and after SCI (Fig. 5). All statistical comparisons were made by
two-way ANOVA, constructed with time pre-lesion/post-lesion repeat-
edmeasures as the ﬁrst factor and the thalamic electrode location in the
FP-location orHP-location as the second factor (determined by IST). The
comparison of the LFP data (Fig. 5B1) showed that themagnitude of the
responses increased after SCI (time F(1, 53) = 13.7, p = 0.0005) irre-
spective of the FP-location or HP-location (time × location F(1, 53) =
1.2, p = 0.28). However, and as expected, we observed that when the
stimulationwas applied in the forepaw the responsemagnitude record-
ed in the FP-location was higher than the response magnitudes record-
ed in the HP-location (location F(1, 53) = 4.8, p = 0.0321). Analyzing
the rMUA gave similar results as the LFP comparisons (Fig. 5B2), an in-
creasedmagnitude of the responses after SCI at both the FP-location and
HP-location (time F(1, 49) = 7.6, p = 0.0083) (time × location F(1,
49) = 0.0, p = 0.99). Likewise, the response at the FP-location wasFig. 5. Thalamic VPL responses under control conditions (black traces) and immediately after SC
under control conditions and after SCI. A1) Averaged LFP responses under both conditions. A2) A
thalamic locations under control conditions and after SCI. Diagonal blue line indicates no change
and below the blue line are the VPL locations that showed decreased responses after SCI. B1) Sc
lesion conditions. B2) Scatter plot of the neuronal populations recorded using rMUA responses
locations under control conditions and after SCI. C1) Data are related to LFP responses. C2) Dathigher in magnitude than at the HP-lactation (location F(1, 49) =
37.6, p = 0.0001). Nevertheless, these results together point to a clear
effect of SCI on the neural population responses in VPL to peripheral
stimulation above the lesion level.
The result that the enhanced responses after SCI did not depend on
the thalamic location could be confounded by the higher responses to
forepaw stimuli recorded at FP-locations compared to HP-locations. To
exclude this possibility, we created a ratio of the pre- to post-lesion re-
sponses for each VPL recording location by dividing the magnitude of
the responses obtained after SCI by that of the control responses at
each VPL location (Fig. 6). A ratio of 1 means that no change was
found between the pre- and post-lesion responses (see the black line
in Figs. 6A, B),whereas a ratioN 1 reﬂects a higher amplitude/magnitude
of thalamic VPL response after SCI and a value b1 reﬂects a smaller am-
plitude/magnitude of thalamic VPL response after SCI (Fig. 6). As the ab-
sence of a change in the responses was marked by the value 1, we
applied a One Sample Test in order to determine if SCI produced chang-
es in the magnitude of thalamic responses (i.e.: a value other than 1).
The comparisons obtainedwith LFPs and rMUAs conﬁrmed that the am-
plitude/magnitude of thalamic responses were higher in the VPL imme-
diately after SCI (LFP One Sample Test p = 0.001 in Fig. 6A; rMUA One
Sample Test p = 0.019 in Fig. 4B). Note that in Figs. 6A and B, the aver-
age of population ratios obtained from the response magnitudes using
the twomethods aremarkedwith blue lines, which in all three plots ap-
pears to be N1.
In a posterior reﬁnement of the comparisons we wanted to address
whether the increase in the magnitude of the responses was distinct at
the two VPL locations (FP-location and HP-location). Both measuresI (blue traces). A) Examples of representative thalamic responses in the same VPL-location
veraged rMUAresponses under both conditions. B) Scatter plot of responses obtained from
,while above the blue line are the VPL locations that showed increased responses after SCI
atter plot of the neuronal populations recorded using LFP responses in pre-lesion and post-
in pre-lesion and post-lesion conditions. C) Population data of responses of VPL thalamic
a are related to rMUA responses. Error bars determine the CI of 95%.
Fig. 6. Ratio of the thalamic responses depending on the IST: A) data of themagnitudes of the LFP response; B) data of themagnitude of the rMUA response. The black lines indicate a ratio
of 1, which means no change between the pre- and post-lesion responses. The blue lines are the average ratios of the entire population that indicate an increased population response.
Yellow areas indicate the IST values related to the neuronal population on VPL locations with non-overlapping of peripheral inputs. The asterisks indicate signiﬁcant differences between
the average ratios and the value reﬂecting no changes (one sample t-tests *p b 0.05, **p b 0.01).
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did not differ in function of the location (LPF ratio, p=0.35; rMUA ratio,
p = 0.31).
Response latencies were studied in order to determine possible
changes between control conditions and after SCI. We used the LFP sig-
nal to measure the latencies, and we observed that on average there is
an increased latency of the responses recorded in HP-locations and FP-
locations after SCI (paired t-test for HP-location p = 0.0227; paired t-
test for FP-location p = 0.0482).
An increased physiological response (measured by LPF and rMUA)
to peripheral stimulation after a complete thoracic SCI can be detected
in the thalamic VPL nucleus. These functional changes affect the intact
VPL area (FP-location in our model) and the deafferented VPL area
(HP-location in our model).
3.3. Thalamic spontaneous activity after complete spinal cord injury
The results we obtained previously at the cortical level demonstrat-
ed a change in the state of spontaneous activity in the somatosensory
cortex after SCI (Aguilar et al., 2010). Here we studied the thalamic ac-
tivity in the VPL nucleus from the same perspective of massive deaffer-
entation by a SCI. We have assessed the immediate effect of SCI onFig. 7. A) Examples of the ﬁltered thalamic recordings showing multi-unit activity for the V
B) Population data comparing pre- and post-lesion ﬁring rates at the VPL HP-locations and VP
and HP-location), although this difference was only statistically signiﬁcant at the HP sites: ***pspontaneous neuronal activity of VPL locations that keep intact its pe-
ripheral inputs (FP-locations) and the spontaneous neuronal activity
in the VPL locations that were affected by massive deafferentation
after SCI (HP-location).
We used the ﬁring rate of the neuronal population recorded at each
VPL (FP location or HP location) under control conditions and after SCI
as a measure of spontaneous activity (Fig. 7A). Taking into account the
possible differential activity between the FP-location and HP-location
in the VPL due to the SCI, we studied these effects with a two-way
ANOVA in which the ﬁrst factor was the activity under control condi-
tions (pre-lesion) and after SCI (post-injury), and the VPL location was
included as the second factor (FP-location vs HP-location). The sponta-
neous activity in the thalamic VPL nucleus decreased immediately after
SCI (thalamic ﬁring rate pre/post lesion; F(1, 51) = 26.9; p b 0.0001:
Fig. 7B) and more speciﬁcally, the VPL spontaneous activity decreased
depending on the location (FP-location vs HP-location) (pre/post
injury × location (F(1, 51) = 8.1; p = 0.0063). We applied a Tukey
post-hoc test to compare the effects of SCI on the VPL FP-location and
HP-location, showing that SCI provoked a decrease in spontaneous ac-
tivity in the VPL HP-location (p = 0.0002). By contrast, no changes in
spontaneous activity were evident after SCI at the VPL FP-location
(p = 0.199: Fig. 7B).PL HP-locations and VPL FP-locations under control conditions (A1) and after SCI (A2).
L FP-locations. The ﬁring rate was lower after SCI at both thalamic locations (FP-location
b 0.001.
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responses after spinal cord injury
To study the relationship between the cortical activity in the so-
matosensory cortex and the VPL thalamic activity, we ﬁrst simulta-
neously recorded spontaneous activity in the somatosensory cortex
and in the VPL in a set of animals (at only one VPL site, the FP-location
or HP-location; n = 36). This approach allowed us to determine the
state of the somatosensory cortex under control conditions and after
SCI as well as its relation with thalamic responses under both condi-
tions. We wanted to determine if the increasing of evoked responses
at thalamic level were state-dependent or state-independent in relation
to the change of cortical states that occurs immediately after SCI
(Aguilar et al., 2010). In this context, we considered the cortical activity
under control conditions as the reference to determine the state of the
somatosensory system prior to SCI and the cortical activity immediately
after SCI.
We measured the magnitude of the thalamic responses (LFP and
rMUA) evoked by peripheral stimulation in two different conditions:
1) when the somatosensory cortex displayed delta activity (indicating
high spontaneous activity) in control conditions, which develops into
slow-wave activity immediately after SCI (Figs. 8A1 and A2) when the
somatosensory cortex displayed slow-wave activity under control con-
ditions and immediately after SCI, which did not affect the spontaneous
activity (Figs. 8A2).
We used two-way ANOVA to analyze the data on the evoked re-
sponses (LFP and rMUA) in 16 animals recorded in the ﬁrst state
(delta activity prior to SCI and slow-wave activity post-SCI) and on the
evoked responses in 20 animals that were recorded in the second
state (slow-wave activity pre- and post-SCI). We took as the ﬁrst re-
peated measures factor the time relative to the lesion (pre/post lesion)
and the cortical state as the second factor (rapid pre-lesion activity to
slow-wave activity post-lesion/slow-wave activity pre- and post-
lesion). Our results conﬁrmed that the LFP responses in the VPL in-
creased after a lesion (time, F(1, 34) = 23.25, p b 0.0001: Figs. 8B,
C) in a state-dependent manner (time × state, F(1, 34) = 4.87, p =
0.0341). The post-hoc Tukey test showed that the LFP responses in-
creased after SCI in animals that displayed delta activity before the le-
sion (p = 0.0004) but not in animals with slow-wave activity before
the lesion (p = 0.22: Fig. 8C).Fig. 8.A) Individual examples of simultaneous recordings in the somatosensory cortex (cortical
after SCI. A2) Example of a cortical status that does not change after SCI as it already displays slo
response to peripheral stimulation under control conditions (black traces) and after SCI (blue li
where a change in cortical activity occurred after SCI. The lower panel in B shows an example
after SCI. The population data of themagnitude of the response under control conditions and af
occurred after SCI, and the gray bars indicate experiments where no change in cortical activity4. Discussion
In the present work we studied the immediate effects that a com-
plete SCI at a thalamic level produces on the neuronal population of
the thalamic VPL nucleus. The main results can be summarized as fol-
lows: 1) a massive recruitment of peripheral ﬁbers by high intensity
stimulation (5 mA) unmasks the overlap of peripheral inputs from
both contralateral extremities (forepaw and hindpaw) onto a neuronal
population in the VPL nucleus of the thalamus; 2) the thalamic VPL nu-
cleus shows increased physiological responses to peripheral stimulation
immediately after a complete thoracic SCI; these rapid functional
changes have been recorded in the VPL area FP-location that is intact
in our model and to the deafferented VPL area HP-location that is
deafferented in our model; 3) the spontaneous neuronal activity is re-
duced only in the deafferented HP-location of the thalamic VPL nucleus
after a thoracic SCI; and 4) the increased responses of thalamic VPL neu-
rons is partially dependent on the changes of cortical states after SCI,
moreover there is a part of the increased thalamic responses after SCI
that is independent of cortical states.
Together, our results indicate that functional neuronal changes in
the thalamic VPL nucleus immediately after SCI could be associated
with the immediate cortical changes also provoked by such lesions
(Aguilar et al., 2010).
4.1. Thalamic responses to peripheral inputs: speciﬁc location vs overlap-
ping receptive ﬁelds
It iswell known that in the somatosensory thalamus, the ventrobasal
complex has a somatotopic arrangement (Emmers, 1965; Francis et al.,
2008). The size of the receptive ﬁelds changes in function of the body
surface and in different locations of the VPL, showing some degree of
overlap fromdifferent digits of the paw and for the limb of the same ex-
tremity (Emmers, 1965; Rasmusson, 1996; Francis et al., 2008). Howev-
er, there is only some evidence of overlapping receptive ﬁelds in VPL
related to FP-location and HP-location (Francis et al., 2008). Thus, the
ﬁrst aim of our study was to quantify the overlap of peripheral inputs
from contralateral extremities in the neural thalamic population of
VPL in order to obtain a clearer idea of the contribution of peripheral in-
puts to the physiological responses in the VPL nucleus. This interesting
overlap of peripheral inputs from the forelimb and hindlimb ontoHP-location) and thalamic VPL FP-location. A1) Example of a change in the cortical activity
w-wave activity. B) Individual comparisons of the averaged LFP in thalamic VPL-location in
nes). The upper panel in B shows an example of the recordings obtained in an experiment
of the recordings obtained in an experiment where no change in cortical activity occurred
ter SCI based on LFP. Black bars indicate the experiments where a change in cortical status
occurred after SCI. Asterisks indicate statistical differences: **p b 0.01; ***p b 0.001.
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functional reorganization after SCI as in other massive deafferentations
(Rasmusson, 1996).
We created an index of spatial tuning (IST) in order to characterize
the relationship between responses recorded froma given VPL neuronal
population to forepaw and hindpaw stimulation. We used the IST as an
index of location, to demonstrate that there is an important overlap of
forepaw and hindpaw peripheral inputs over an important thalamic
neuronal population.
It is remarkable that the thalamic overlapping of peripheral inputs
can only be detected by maximizing the recruitment of peripheral ﬁ-
bers, as achieved by applying high intensity stimulation to the paws.
Similar results were described for the activation of adjacent digits in a
raccoon (Rasmusson, 1996). By contrast, low intensity stimulation pro-
vokes physiological responses that are mainly constrained to just one
paw.
It is noteworthy in our results that we used two different analyses in
order to select the neuronal activity from a reduced population (PSTH
analysis) or from awider neuronal population (rMUA analysis). We ob-
served that the distribution of IST values for PSTH (even at high intensi-
ty stimulation) showed most of the values in the extremes of the IST
values (IST b 0.1 and IST N 0.9) indicating a low probability of physiolog-
ical overlapping. However, the distribution of IST values for rMUA data
showed more values in the middle of the distribution (0.1 b IST b 0.9).
It was conﬁrmed by the percentage of multiunit recordings from FP-
locations and HP-locations that showed overlap (30.9% each of them).
Similarly a work in the auditory system reveals the importance of ex-
perimental methods (type of neurophysiological signals as single unit
vs MUA or LFP; stimulation at threshold intensity vs suprathreshold in-
tensity) to fully understand the classical physiological responses as well
as the less classical physiological responses that physiologically charac-
terize the system in different conditions (Guo et al., 2012).We can con-
clude from this comparison that the phenomenon of physiological
overlapping in the thalamic VPL nucleus depends on two main factors:
the amount of peripheral inputs recruited or activated and the popula-
tion size that we are selecting from recordings. Our results indicate
that the physiological overlapping observed in the VPL is a phenomenon
that has to be studied at the level of the neuronal population and not at
the level of single units or a small selected group of neurons.
Moreover, it should be noted that our IST was obtained under anes-
thesia, which on the one handmakes the physiological data relevant by
revealing a thalamic interaction between distant peripheral inputs but
on the other hand, it doesn't allow us to assess any functional role dur-
ing different behavioral states. However, it has been demonstrated that
cholinergic and noradrenergic activities, which arise in different behav-
ioral states, modulate the receptive ﬁelds of thalamic neurons (Aguilar
and Castro-Alamacos, 2005). Thus, it is possible that under natural be-
havioral states, as in the vigilant state, thalamic interaction of natural so-
matosensory inputs from the forepaw and hindpaw could affect a
widespread population of neurons.
Based on this thalamic overlapping of peripheral inputs, we propose
this to be a possible physiological mechanism for the intra-thalamic re-
organization after SCI. Indeed, thismechanismof thalamic sensory over-
lapping could be part of the natural sensorimotor integration that
occurs during walking in quadruped mammals.4.2. Increased thalamic responses after SCI
Our experimental model involves complete transection of the spinal
cord at the thoracic level, which produces a massive deafferentation of
the supraspinal somatosensory structures while preserving the periph-
eral inputs frombody regions above the lesion. For that reason, it creates
an immediate imbalance in the thalamic VPL nucleus, where the region
corresponding to the forelimbs (FP-location) and upper trunkmaintains
its principal peripheral inputs, while the region corresponding to thehindlimbs (HP-location) and lower trunk is prevented from transmit-
ting its principal peripheral inputs.
Our results support the idea that in the rat thalamus, the response of
the neuronal population in different VPL locations is the result of a
balance of contralateral peripheral inputs from body regions that mainly
correspond to the forelimb and hindlimb. Somatosensory thalamocortical
neurons receive principal inputs at the somatic and proximal dendrites,
and secondary inputs through the distal dendrites (Ma et al., 1987). In
this scenario, the neuronal population assigned to the thalamic HP-
locations will experience increased responses to forepaw stimulation
due to their lack of principal inputs from the hindpaw. Therefore, inputs
in thalamic HP-location after thoracic SCI will be received from the fore-
paw peripheral inputs through distal dendrite contacts. This increased
neuronal response of HP-location may be mostly related to the neuronal
populations that displaymoreperipheral overlapping, as described above.
Because the somatosensory thalamus does not have inhibitory inter-
neurons (Barbaresi et al., 1986; Harris and Hendrickson, 1987), direct
local lateral inhibition is not possible when sensory inputs from the pe-
riphery reach the thalamus. The phenomenon of lateral inhibition has
been described in the somatosensory thalamus, and in the dorsal col-
umn nuclei of cats (Canedo and Aguilar, 2000; Aguilar et al., 2003;
Soto et al., 2004) and rats (Nuñez and Buño, 1999), but exclusively in
reference to receptive ﬁelds in the same extremity (i.e.: different digits
in the same paw). However, peripheral stimulation of the forepaw in
rats that produces direct evoked responses in the cuneate nucleus has
not been shown to evoke direct or indirect responses in the gracilis nu-
cleus, which only receives peripheral inputs from the lower trunk and
hindlimbs. For that reason, our demonstration of thalamic overlapping
of peripheral inputs from distant body regions, i.e.: overlapping in the
thalamus of inputs from the contralateral dorsal column nuclei, could
represent the basis for thalamic and cortical reorganization in the
early moments and in the long-term after SCI.
It might be expected that after complete thoracic SCI, the neuronal
population with principal inputs from the forepaw will be not affected.
However, we previously described an increased cortical response in the
FP-location after the same type of SCI (Aguilar et al., 2010;
Humanes-Valera et al., 2013). Thus, we show here that in a similar
way to the cortical effects, the responses of the thalamic neuronal pop-
ulation FP-locations are increased immediately after SCI. These in-
creased responses in the neuronal population of FP-location could be
due to unmasking of latent synapses, as we proposed for the cortical
changes (Humanes-Valera et al., 2013). The reduction in the peripheral
inputs affecting the thalamic neuronal population of HP-location could
dampen the tonic inhibition through the reticular thalamic nucleus
and/or through a reduction in extra-synaptic GABA. As such, the so-
matosensory thalamocortical neurons could increase their input resis-
tance, making these neurons more responsive to peripheral inputs in
the FP-location (Cope et al., 2005).
Finally, the increased latencies of responses after SCI indicate that
the local mechanism at the thalamic level related to neuronal excitabil-
ity, as neuromodulatory tone, extra-synaptic GABA tone etc., could be
involved in the physiological changes that take place immediately
after SCI. More precise data are needed to know the underlying cellular
mechanisms of these rapid functional changes.
In general, the higher amplitude/magnitude of responses in thalamic
recordings from the FP-location andHP-location of the VPL immediately
after thoracic SCI could partially explain the cortical changes in the
evoked responses observed under the same experimental conditions
(Aguilar et al., 2010; Humanes-Valera et al., 2013).
4.3. Thalamic change of spontaneous activity immediately after SCI
Given the immediate changes in spontaneous activity we described
previously in the somatosensory cortex using the same experimental
approach as that employed here (Aguilar et al., 2010), we set out to
study the spontaneous activity of neuronal populations in the VPL
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lamic neuronal populations was affected in a different manner by the
SCI. More in detail, our results demonstrated that the neuronal popula-
tion recorded at HP-locations decreased its ﬁring rate immediately after
thoracic transection of the spinal cord. However the spontaneous activ-
ity of the neuronal population at FP-locations was not affected by the
SCI.
The reduction in ﬁring rate related to the spontaneous activity of the
thalamic neuronal population at the HP-location could be explained by
the loss of tonic synaptic inputs of direct peripheral afferents from body
areas located caudal to the spinal cord transection, as it has been dem-
onstrated for neurons in dorsal columnnuclei immediately after periph-
eral deafferentation (Northgrave and Rasmusson, 1996). In addition, a
possible reduction in local tonic GABA inhibition could explain the re-
duced ﬁring rate by setting neurons in a quiescent region of resting
membrane potential (Cope et al., 2005).
In the case of the neuronal population at the FP-location, we detect-
ed a reduction in their ﬁring rate that did not reach statistical signiﬁ-
cance. Differences in the ﬁring rates between neuronal populations of
FP-location and HP-location might reﬂect the different mechanism
underlying a physiological imbalance that takes place between VPL lo-
cations. In this sense, a recent work demonstrated that a partial deaffer-
entation of the VPL by thoracic spinal hemisection induces changes in
the spontaneous activity of an important neuronal population that
was deafferented by a lesion (Liang and Mendell, 2013). Moreover,
the same work shows that an acute hemisection leaves a population
of non-deafferented neurons with an unaltered spontaneous activity.
In our case, this non-deafferented population could be related to the
neuronal populations at VPL FP-location. Nevertheless, we use a differ-
ent lesion model that could logically produce different results and ef-
fects on supraspinal structures. Thus we have demonstrated that it
suffers an immediate decrease in spontaneous activity after complete
SCI (Aguilar et al., 2010). Then, in our experimental model of thoracic
transection of SCI the main mechanism involved in the reduction of
the thalamic ﬁring rate is the loss of principal peripheral inputs as it oc-
curs in the HP-location. Meanwhile, the reduction in cortical activity in-
duced by the same model of SCI does not affect the ﬁring rate of the
thalamic FP-location.4.4. Thalamic responses depend on the cortical status after SCI
We previously assessed whether the increased responses following
SCI were dependent on the cortical state of activity (Aguilar et al.,
2010; Humanes-Valera et al., 2013), and for that reason in these exper-
imentswe took the cortical state as a reference of the general brain state
in control conditions (before SCI) and immediately after SCI. In addition,
the somatosensory cortex exerts a powerful inﬂuence on the somato-
sensory thalamus (Sherman and Guillery, 2006). For that reason, we
assessed whether the thalamic responses were affected by the overall
cortical status before and after SCI, in order to clarify potential cortical
state-dependent inﬂuences. Accordingly, experiments in which a
change in cortical states was detected were analyzed separately from
experiments in which no such changes were observed.
Our results demonstrate that the VPL thalamic responses increase
after SCI in both locations (FP-location and HP-location) by peripheral
stimulation above the lesion level (in the forepaw). When the averaged
LFP was used, the increased responses were detected in the experimen-
tal group that showed a change in the cortical activity. A physiological
explanation is that cortical delta activity is related to a more active
and depolarized thalamic neuronal population, and cortical slow-wave
activity is related to a slightly-hyperpolarized state of the thalamic neu-
ronal population. Therefore, the responses of a thalamic neuronal popu-
lation to peripheral stimulation from a more hyperpolarized state,
should produce an increased population depolarization thatﬁnally is re-
corded as an increased magnitude of LFP thalamic response.On the other hand, our results demonstrated that there are increased
thalamic responseswhen rMUAwas used and the cortical state of slow-
wave activitywas not affected between pre and post SCI. In that case the
result is similar to the cortical state-independent changes that we have
described previously (Humanes-Valera et al., 2013). This effect can be
due to a reduction of local inhibition (as it has been explained in Discus-
sion 4.3) or a reduction on neuromodulatory tone of acetylcholine. Both
possiblemechanisms lead to an increased input resistance that could in-
duce increased responses to the peripheral inputs.
Then, the responses of neuronal populations in the thalamus behave
similarly to a cortical neuronal population after SCI, with a state-
dependent mechanism and a state-independent mechanism. In this
context, the present results could at least partially underlie our previous
results regarding enhanced cortical responses after SCI (Aguilar et al.,
2010; Humanes-Valera et al., 2013). Thus, we propose that early chang-
es in the thalamic neuronal VPL populations after SCI contribute to the
cortical changes observed immediately after SCI.
5. Conclusions
The problem of thalamic changes after SCI has been studied using
differentmodels of spinal lesion, different time scales, different stimula-
tion protocols, etc. Moreover previous works have been focused on dif-
ferent anatomical and physiological targets, as spontaneous activity, the
connections between neuronal population inside the thalamus, relation
with different brain structures and the behavioral data in reference to
pain (Gerke et al., 2003; Gustin et al., 2009; Wrigley et al., 2009;
Seminowicz et al., 2012; Liang and Mendell, 2013). In this context our
results point to a joint role of the thalamic and cortical activity that de-
velops immediately after SCI, and that could be in the origin of physio-
logical alterations of the somatosensory system after SCI. The thalamic
and cortical changes due to a SCI must therefore be studied together
in order to understand the complexity of brain reorganization provoked
by such lesions in the somatosensory system.
In summary, our results demonstrate that there is an important
overlapping of peripheral inputs in the thalamic VPL nucleus that
could represent the basis for the functional changes observed immedi-
ately after complete transection of the spinal cord at the thoracic level.
In addition, SCI triggers immediate functional changes in the somato-
sensory thalamus (VPL), which could underlie the previously described
cortical changes after the same type of SCI. Together, the functional tha-
lamic and cortical changes described here and in our previous study
could be related to the origin of long-term pathological problems after
SCI.
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